Historically, cyclic endocrine modulation has been largely ignored within in vitro cell culture, in part because cultured cells typically have their media changed every day or two, precluding hourly adjustment of hormone concentrations to simulate circadian rhythms. As the Organ-on-Chip (OoC) community strives for greater physiological realism, the contribution of hormonal oscillations toward regulation of organ systems has been examined only in the context of reproductive organs, and circadian variation of the breadth of other hormones on most organs remains unaddressed. We illustrate the importance of cyclic endocrine modulation and the role that it plays within individual organ systems. The study of cyclic endocrine modulation within OoC systems will help advance OoC research to the point where it can reliably replicate in vitro key regulatory components of human physiology. This will help translate OoC work into pharmaceutical applications and connect the OoC community with the greater pharmacology and physiology communities.
Introduction
In recent years, Organ-on-a-Chip (OoC) systems have been able to replicate a variety of complex physiological processes and provide novel insights into previously uncharacterized phenomena. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Recent studies published in this journal have developed functioning tissue for every major organ system of the body, including the blood-brain barrier, liver, kidney, lung, reproductive system, skin, and cardiopulmonary system, and even disease-specific models. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Researchers have long known, however, that to harness the true power of OoCs these systems must one day be combined together to create a fully functioning microphysiological system (MPS), which when implemented on a single microfluidic chip has been described as a body-on-a-chip or human-on-a-chip, 28, 29 and more generally can be termed a homunculus. 7 By linking OoC systems together to create an MPS homunculus, researchers may finally investigate in vitro interactions between drugs, diseases, and human organs in unparalleled detail.
MPS homunculi may provide detailed information regarding drug pharmacokinetics and pharmacodynamics beyond the current capabilities of either in vitro or in vivo models. 30 Critical to these efforts will be the recreation of the complex physiological signals that regulate the endocrine, metabolic, and digestive systems. Understanding the interplay between these three major systems is crucial for OoC development and may contribute additional value in the study of pharmacokinetic and pharmacodynamic (PKPD) models in drug development. 29, [31] [32] [33] [34] [35] However, it is well beyond the capabilities of current in vitro drug or toxicology studies to simulate endogenous circadian rhythms because the cultured cells used in classical biology-on-plastic typically have their media changed every day or two, precluding the simulation of endogenous circadian rhythms through hormonal oscillations. 12 Hence there should be utility in MPS homunculi that contain not only the desired end organ and the other organs whose metabolic activities are known to affect that target, but also the full endocrine system whose signals will affect the interconnected systems.
To explain the complexity of the endocrine regulatory system and its circadian modulation, 36 and to propose an alternative to creating the full system in vitro, this review first presents a compendium from the literature describing the cyclic, hormonal modulation of the liver, neurovascular unit, intestine, kidney, skeletal muscle, adipose tissue, and heart -all organs that are the focus of intense investigation by the OoC community. We then suggest that it may be possible to utilize a device under development at Vanderbilt, termed a Missing Endocrine System MicroFormulator (MES-mF), to replicate this modulation. The device would obviate the need to create in vitro multiple, interlinked endocrine organs and glands, and instead draws from hormone reservoirs to formulate the combination of hormones needed during a particular time interval, for example each hour of the day.
For the purpose of this review, a MES-mF can be thought of as simply a self-contained system of pumps and valves that can add, on demand, the requisite time-dependent concentrations of hormones to the perfusate of one or more organs-on-chips. 4 Time-division multiplexing may be used to support the delivery of multiple hormones at the same time. The concept is to use the MES-mF to recreate the empirically derived temporal profile of hormonal secretions of the endocrine organs immediately upstream of the target organ. These secretions, controlled by a separate master control unit, would thereby preclude the need to recreate in vitro the full host of human endocrine organs. We emphasize at the outset that we are presenting only a first-pass, literature-based review of how circadian hormonal rhythms might be incorporated into individual organ-on-chip and coupled human-on-chip models. Undoubtedly, we will have failed to include the favorite hormone of particular readers, and in anticipation of these omissions emphasize that we view this paper as a conceptual demonstration that provides a foundational bibliography and, in the Supplementary Materials, the tools that allow expansion of the analysis for even greater physiological realism.
The liver serves as a prime example of the importance of time-dependent physiological signals, illustrated in Fig. 1 . 37 The hormones insulin, cortisol, growth hormone, and melatonin connect and feed into the liver from upstream endocrine organs such as the pancreas and adrenal cortex. 38, 39 These hormones help drive liver function and stimulate drug metabolism and hepatic blood flow. 37 More important, these hormones regulate liver function in a time-dependent manner. Over the course of the 28 hours plotted, we see clear yet different 24-hour oscillatory cycles of multiple liver-regulating hormones, where the hormone concentrations fluctuate around a baseline concentration level, illustrating that their relative functional role changes over time. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Liver metabolic functions are well known to exhibit circadian oscillations. 37, 49 Even more complicated is the cyclic variation of transcriptional regulation in the liver, which arises not only from central circadian regulation, but also hepatic clocks and environmental factors. [50] [51] [52] Other examples can be found in the denervation of kidney 53 and skeletal muscle, 54 which causes organ-specific circadian genes to exhibit major changes in expression level, phase, and amplitude, while the core clock genes exhibit only minor differences. Dysregulation of circadian clocks has been hypothesized to drive metabolic comorbidities associated with psychiatric disorders 55 and increase the risk of cardiometabolic disease. 56 Other than an elegant demonstration of hormonal oscillations in coupled female reproductive organs-on-chips, 21, [57] [58] [59] to date there has been no meaningful effort to study the impact of the breadth of oscillatory hormonal rhythms in generic OoC systems. To realize their full potential, OoC systems must capture a greater fraction of human physiological function, including the time-dependent fluctuations in hormone, nutrient, drug, and metabolite levels. As the field moves towards coupled organ systems, i.e., MPS homunculi, it is important to remember that humans sleep, eat, eliminate wastes, and exercise with distinct circadian rhythms that are subject to and can influence cyclic hormonal control.
For the context of this review, a circadian rhythm is a biological rhythm that oscillates over a period of 24 hours, synchronizes to an internal or external stimulus, for example a genetic clock, light, the environment, or social practices, and has a periodicity that is consistent across a range of physiological temperatures. 36, 56, 60 We use the term "circadian" in the most general sense to cover the full extent of approximately 24-hour physiological rhythmicity. Diurnal rhythms, focused on day/night differences, are a specific subset of the circadian ones that are entrained by light and thus exhibit modulation via the sleep-wake cycle. Some hormones exhibit diurnal rhythms, e.g., insulin, but some do not, so in this review we simply consider all rhythms discussed to be circadian. One of the most wellstudied examples of circadian rhythms is that of blood glucose levels and plasma insulin levels in response to food intake. 36 For this review, which is based upon literature reports of experimental measurements on humans, we do not separate circadian rhythms that are driven by clock proteins from those that are driven by diurnal behavior (with our apologies to the circadian rhythm community). Although beyond the scope of this review, one must note that some clock proteins are central to the hypothalamicpituitary-adrenal axis and act on peripheral organs by hormonal or autonomic control, while peripheral organs have localized clock proteins that may or may not be phase-locked with the central clocks. 50, 56, 61, 62 As we will discuss later, it should be possible to simulate behaviors such as daily exercise in an MPS homunculus, and hence it is up to the user of our analytical approach to determine which rhythms to incorporate explicitly through centralized cyclic hormones and which will occur spontaneously due to the intrinsic clocks that are endogenous to each organ.
Given that many research groups now culture their organs-on-chips for up to 28 days, it would be interesting to ascertain whether individual or connected organ chips in vitro are themselves exhibiting circadian variations in gene expression, as has been verified rigorously for twelve organs in the mouse, 52 and the extent to which these oscillations are driven by intrinsic local clocks or by humoral or autonomic factors driven by other, upstream organs.
It is well understood that physiological systems exist within a state of homeostatic flux. Numerous physiological parameters have been observed to oscillate across the 24hour circadian scale, and these include plasma concentrations of hormones, 36 neurotransmitters, 63 glucose, 64 plasma proteins, second messengers (e.g., cortisol, insulin, atrial natriuretic hormone, noradrenaline, cAMP, melatonin), blood pressure, 65 blood flow, the renin-angiotensinaldosterone system, 66 liver metabolism, 67 and the firstpass effect. 68, 69 In fact, many physiological systems exhibit a temporal rhythmicity, several of which are relevant to the study of pharmacokinetics and pharmacodynamics ( Table 1 ). Hence it is important to think of homeostasis not as fixed values of a large number of physiological variables but as an attractor in a high-dimensioned phase space about which these variables orbit. [70] [71] [72] [73] [74] [75] Not only do endocrine factors oscillate over the 24-hour circadian period, but so too does the responsiveness of target tissues -the hormones have differing time-courses of their actions, and each organ-on-chip should have an appropriate physiological response to the hormone depending upon whether the hormone invokes direct action on receptors, transporters, or enzymes, etc., or adjusts transcriptional regulation, which is much slower. We have focused this paper on a literature-based review of the timing of hormonal rhythms in the regulation of a selected set of organs, which we term End Organs, but it is important to recognize that as a result of global and local [38] [39] [40] [41] [42] [43] [44] The top image illustrates the upstream endocrine organs that produce the most important hormones relevant to liver function. All of the upstream endocrine organs interact with the liver through hormone chemical messengers that change in concentration throughout the circadian cycle. The concentrations over time for the important target hormones were constructed by selecting data from the literature, smoothing the data using an end-capped approach to limit loss, and plotting each hormone over a 28-hour cycle to illustrate day-to-day changes over their 24-hour cycle. The hormones are color-coded to correspond with the graph below that depicts their relative concentration change, as a percentage of their normal baseline level, over the course of the day. Cortisol, melatonin, and growth hormone exhibit the most significant daily changes with three-fold or larger peak-to-valley changes in concentration over their cycle.
influences, the gene expression levels in each of these organs also fluctuates with differing phases. 52 For example, in the mouse the liver demonstrates the largest number of genes with statistically significant circadian fluctuations (3, 186) , and the hypothalamus the least (642). 52 In addition to studies of the physiology of hormonal regulation, OoC systems may provide an unparalleled opportunity to study in vitro detailed, organ-specific, pharmacokinetic drug-organ-hormone interactions. Most OoC systems currently under development operate under static conditions, however; that is, they maintain static levels of glucose, insulin, and other factors through continuous, single-pass perfusion, 79 although a small number of systems have been shown to operate under long-term recirculation but without any cyclic circadian modulation of media components. 28, 29, 59, [80] [81] [82] [83] [84] In contrast, typical biology-on-plastic utilizes daily feedings, between which there are significant decreases in nutrients and increases in waste products. 12 As a result, today's OoC systems are in some ways limited in their applicability to the study of drug-organ interactions because they are missing a major component of cyclic hormonal organ regulation. 85 By incorporating oscillatory endocrine regulation, OoC systems could surpass the ability of current animal studies to model advanced pharmacokinetic and pharmacodynamic effects of drug-organ-hormone interactions in humans. One consequence of studying animal models is that they have been shown to be incapable of fully accounting for the broad range of physiological phenomena operating within a human. 79, [86] [87] [88] [89] For example, insulin secretion displays a diurnal rhythm in humans which peaks at 1700 h and has a trough at 0400 h. 36 Such a rhythm is not observed in mouse models, due to a distinctly different diet and feeding schedule. 56 The ovulatory cycle of a rat repeats every four days. 90 Similar issues arise with in vitro Liberation, Absorption, Distribution, Metabolism, and Elimination (LADME) studies. It may be worthwhile to examine as early as possible in the drug development process the role of circadian modulation of factors that affect LADME, as summarized in Table 2 . Hence OoC systems offer the possibility of recreating in vitro biological phenomena that heretofore have remained unstudied. OoC systems may provide the ability to access, measure, and control in vitro the dynamics of key human physiological variables which could not be studied due to practical and ethical limitations in human experiments. In addition, the opportunity for OoC researchers to elucidate complex physiological interactions between organ systems and their associated circadian rhythms may hold promise in accelerating the adoption and physiological relevance of OoC systems for therapeutic testing. 20, 29, 31 Important metabolic enzymes and pharmacodynamic processes tied to drug functionalization, inhibition, activation, conjugation, and excretion have already been associated with circadian changes. 67, [91] [92] [93] [94] [95] Drugs have variable pharmacokinetic and pharmacodynamic properties depending on the time of day, 31 and 54 of the top 100 drugs have targets that are subject to circadian modulation. 52 As an example in the liver, acetaminophen toxicity is controlled by both the central and hepatic clocks, but the contribution of the latter is more significant, suggesting that decoupling of the central and hepatic clocks in shift workers and international travelers could have adverse consequences. 50 As a result of circadian effects in drug metabolism, dosages for drugs are established based on the time of day (Fig. 2) , in recognition that the efficacy of a drug may differ by a factor of 2 to 10 over the course of a 24-hour interval. 92 Current therapeutic regimens have ideal dosage times corresponding to the timing of the circadian clock. The optimal time of dosage for a compound is distinctly human and not well suited for study in mice because they exhibit variable activity cycles not correlated with human physiology. Consequently, there is a major shortcoming presented by animal models when comparing time of dosage and drug kinetics -a disadvantage avoided by OoC systems when attempting to examine the complex pharmacokinetic and pharmacodynamics involved in drug metabolism.
We recommend the recreation of such circadian oscillatory networks in OoC systems as a meaningful contribution towards the adoption of OoC micro-homunculi in the drug development process. Investigations of drug-OoC interactions may better inform results correlated with information utilized by toxicologists and pharmacologists, including, but not limited to, plasma half-life, area under the curve, bioavailability, volume of distribution, total clearance, and steady-state concentration, 34, [96] [97] [98] [99] concepts that are already being applied to microphysiological systems. 29, 33, 35, [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] End organ interaction mapping provides insights into the connections between organ systems
To assess how the complete endocrine system affects our selected target organs, we constructed an End Organ Interaction Map to evaluate the role of chemical messengers in different organ systems (Fig. 3 ). The map, created from a review of the relevant literature 36, 38, 39, [41] [42] [43] [44] [45] [46] [47] [48] 76, 77, [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] and plotted using yED, [125] [126] [127] [128] provides a detailed view of where a chemical messenger is derived, the type of hormone, what tissues it interacts with, and whether the organ is receiving or secreting that hormone. Primary literature studies on human subjects from the clinical chemistry, toxicology, and metabolism fields were used as the basis for mapping interactions. Experimental evidence from at least one source, and oftentimes multiple sources, was used to generate a linkage, and the accompanying sources are listed as numbers along each linkage. The map serves as a tool that can be used to determine the most important hormones of interest to an organ system, and which endocrine organs are directly responsible for the modulation of a particular target organ. As an example of external modulation that may have a diurnal component, the pink kite for glucose is in the middle right of the figure while the kite in the upper left of the figure shows where alcohol, with a socially driven diurnal variation and circadian modulation of metabolism, [129] [130] [131] [132] [133] should be introduced into the regulatory network. It is well known that the activity of alcohol dehydrogenase, the enzyme critical to alcohol metabolism, is itself modulated by an intrinsic circadian rhythm. 122, 134 A high-resolution, plottable version of this map is found in Supplement S1; see also Supplement S2, which is a version of the map that can be viewed interactively using yED (http://www.yworks.com/products/yed). Each ED link contains the reference numbers of the articles used to establish that link, listed in Supplement S3. Table 3 (and the expanded version in Supplement S4) presents details of the hormones we have identified as the most important for general OoC studies. We selected hormones based on their prevalence throughout the literature, their oscillatory nature, and their role in the organs that are being targeted by the MPS community. Some hormones, such as a cortisol, have wide-reaching effects across numerous organ systems and play an important part in regular tissue function. We evaluate the effects of different hormones on critical organ systems in further detail below. This analysis provides a detailed picture of the relevant hormones for an individual OoC system so that researchers may rapidly evaluate candidate hormones for inclusion in their studies.
The data that directed our hormone analysis were drawn from published experimental studies on circadian hormonal oscillations in human subjects. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Each hormone was evaluated over the course of a 24-hour circadian cycle, and the raw data from each study were extracted using a MATLAB script. The raw data were then extended on both sides of a 24-hour time interval so that the data could be smoothed using a locally weighted scatterplot smoothing (LOWESS) function. The smoothed data over a Table 3 Selected major hormones and major actions. The most important hormones with details on their interactions. The complete list of hormones in Fig. 3 is provided in the Supplementary Materials (Table S1) 
Neurovascular unit
The neurovascular unit (NVU) on-a-chip ( Fig. 4) recreates the minimal functional unit of the cerebrovascular system, in that it comprises the blood-brain barrier (BBB) and functioning central nervous system (CNS) neurons incorporated into an extracellular matrix, and hence is of critical importance to the study of the function of both the BBB and the CNS in pharmacology, toxicology, and brain injury. 135, 136 The NVU has eight regulating hormones that feed into the system over a 24-hour cycle. The hormones with the largest daily change include melatonin, cortisol, and growth hormone. Melatonin exhibits greater than a three-fold daily concentration change throughout the period of the day, falling over the first 8 hours of the daily cycle and then peaking at 175% of the baseline concentration after midnight. (As we will see later, of the seven targeted end organs examined, all except adipose tissue and heart/cardiovasculature appear to be affected by melatonin, which has broad-ranging actions and a role in a variety of diseases. 137 ) Growth hormone presents a sharp decrease in concentration over the first 4 hours of wakefulness before steadily climbing back up to a peak value of 200% baseline. 138 Cortisol levels have a gradual increase from 0-8 hours up to 150% baseline concentration, followed by a decrease from 8-22 hours down to 50% baseline before the cycle begins again. 139 While angiotensin affects the neurovascular unit, we have not found reports of any significant circadian variation in angiotensin concentration, and hence the ellipse for that hormone is drawn as a dashed line (and a MES-mF could simply deliver that hormone at a chosen, constant concentration). The importance of any one of these time-varying hormones on NVU function should depend upon exactly which function is being evaluated, but this will be difficult to ascertain in vitro without the capability to modulate independently each hormone during a long-term experiment. An obvious question would be to ask how circadian hormonal rhythms might affect the observed signaling and metabolomic responses of the barrier functions of an NVU to inflammatory cytokines. 136 
Intestine
The intestine ( Fig. 5 ) has fewer regulating hormones than the neurovascular unit. Parathyroid hormone exhibits a gradual but distinct oscillation around 110% to 85% baseline concentration. 140 In vivo, the function of the intestine will also be modulated by the daily rhythms of eating and clearance, which are in turn affected not only by intrinsic hormonal circadian rhythms, but also social customs and environmental variables. It will be interesting to observe the changes that an intestine-on-a-chip undergoes upon cyclic feeding.
Kidney
The kidney (Fig. 6 ) has the most regulating hormones and demonstrates the most significant amplitude variation during the daily cycle. Aldosterone exhibits a gradual increase over the first 4 hours of wakefulness to 125% baseline, before decreasing over a period of 20 hours to a level of 85% baseline concentration. 141 Neither antidiuretic hormone (ADH) nor angiotensin levels are observed to have daily oscillations based on current literature. Figure 4 . A detailed view of end-organ interactions for the neurovascular unit. 38, 40-42, 44,46, 48 The hormones are color-coded to correspond with the graph below that depicts their relative concentration change, as a percentage of their normal baseline level, over the course of the day. Hormones that did not have significant literature support for a circadian oscillation are given a dashed line to denote a constant concentration. 
Muscle
The muscle system (Fig. 7) has several regulating hormones, including insulin, testosterone, and norepinephrine. Insulin levels increase over a 14-hour period up to 130% baseline and then gradually fall back down to nighttime levels of 60% baseline. Testosterone levels fluctuate in a symmetric fashion, rising to 120% baseline and then falling to 80% baseline across the 14-hour mark. Were one to include a muscle-on-a-chip in an MPS homunculus, it would be worthwhile to examine the effect on the entire system of increased daytime physical activity and even intense periods of regular exercise. This in turn could affect the consumption of nutrients that might otherwise be available to the rest of the homunculus, the production of a variety of systemic hormones, the withdrawal of fatty acids from adipose tissue, and the levels of lactic acid and other metabolites in the circulating perfusate. Imagine the opportunities offered by the ability to take one's MPS homunculus out for a morning or evening jog, or even simulate other intense physical activities. 
Adipose tissue
Adipose tissue (Fig. 8 ) has relatively few hormonal interactions, but they are significant. Insulin and A-natriuretic protein (ANP) display the most profound changes. Insulin levels rise periodically after each of three meals from approximately 60% baseline to over 150% baseline at hour 19. ANP levels gradually rise and fall from 120% baseline to 60% baseline. 142, 143 It would be important to determine from the literature what fraction of the reported circadian changes in insulin, for example, is due to intrinsic circadian control versus entrainment by external feeding schedules.
In a long-term experiment, a MES-mF could deliver increased glucose to simulate regular feeding intervals, and when an obese MPS homunculus visited an endocrinologist treating its diabetes, the MES-mF could deliver a glucose-challenge test. 
Heart and cardiovasculature
The heart ( Fig. 9 ) has six regulating hormones, but many do not exhibit measurable oscillations over a daily period (and hence are plotted as dashed ellipses). The most important time-varying hormones include norepinephrine and ANP, which see an average two-fold change over the course of the day. 142, 143 Future work
The purpose of this review is to provide a framework upon which further investigations of OoC physiological regulation may begin. It is unlikely that the map in Fig. 3 is complete, and the hormones shown in Figs. 1 and 4-9 are intended to be representative of the most important hormones that affect the organs we are considering, not an exhaustive list of regulatory hormones for each organ. Obviously, specialists in the physiology, pathology, or toxicology of any of these organs may wish to add hormones of interest to their respective areas of study. The central issue we raise for OoC studies is the need to identify those hormones whose circadian rhythms produce significant changes in the function of the organ or organs under test, and then apply those changes to the MPS homunculus. For those hormones whose modulation has no observed effect, it may be sufficient to include that hormone in the base media without modulation. The need for modulation may have to be determined experimentally. It will be important to confirm that each of the organ-chips expresses appropriate levels of each hormone receptor and demonstrates the expected cellular response to that hormone, and also has the appropriate rhythmic modulation of the affected physiological processes. It will be interesting, and straightforward, to examine non-invasively the fluctuations in an organ's metabolomic and signaling profile that might arise from external hormonal modulation, possibly by ion mobility-mass spectrometry 136, 144, 145 or other high-throughput analytical techniques. Tracking fluctuations in gene expression will be possible if the cells that comprise the organ-chip tissues include, for example, selected optical reporter genes, but tracking of large sets of genes 52 is not yet possible without destroying the set of organ-chips, which at present cost much more than a mouse. Total recreation of the physiological timing cues relevant to a whole-body MPS homunculus may never be achieved (and one might argue should never be attempted), but to neglect their role is to severely limit the potential application and validity of OoC systems. In place of replicating the endocrine organs that control a specific target organ, which might require up to nine separate endocrine organs for some target organs, we propose that the MES-mF could consolidate hormonal sensing and control into a centralized unit and account for the contribution of any endocrine organs that were missing from the multi-organ MPS homunculus under development. The centralized unit would be connected to each organ within a homunculus to provide time-dependent dosages of hormones to a specific organ, thereby replacing the natural endocrine system, shown in Fig. 10A , with the simulated one in Fig. 10B . The MES-mF has the distinct advantage that it would interface with all the organs within an MPS homunculus and control their circadian rhythms, and allow the investigator to interrogate the homunculus and test hypotheses regarding hormonal regulation and organ-organ and organ-drugorgan interactions. Obviously, it could be useful to have closed-loop hormonal sensing and control, which might Figure 9 . A detailed view of end-organ interactions for the heart/cardiovasculature. 38, 40, 42, 46 in turn be driven by a computational model of hormonal regulation. 146 It would remain to be seen the extent to which this control system might be able to simulate the high-level control exerted by the hypothalamus 61 and pituitary 62 on the intermediate endocrine organs removed from direct regulation of a target organ.
Once circadian-regulated organs-on-chips are coupled together to create an MPS homunculus with appropriate scaling of circulating fluid volumes, 5 each of the "end" organs could affect that organ as well as others in the system, possibly to the extent of recreating closed-loop physiological control. This would constitute an even higher level of physiological regulation than envisioned at the outset of the MPS initiatives. At this point, the concept of "end organ" would become irrelevant.
We have already discussed the difficulty in recreating autonomic and immune modulation of an MPS homunculus. Obviously, a separate microformulator could feed the gastrointestinal system. There are other distributed regulatory systems in the body, and some might be addressable with a microformulator; for example, a microformulator could provide time-varying levels of carrier proteins in the circulating blood surrogate were the organs that produced them in vivo not included in the MPS homunculus. There is a practical limit to the detail that an MPS homunculus should attempt to capture, as discussed in Watson et al. 12 The MES-mF could be entrained onto a daily rhythm cycle that helps replicate key parameters of drug administration and absorption. The ability to specifically and accurately evaluate drug delivery and absorption into endorgan tissues has not yet been fully refined and may provide critical insights for development of new pharmaceuticals. Furthermore, different organ systems could have their drug delivery entrained at different time intervals to simulate dose responses to differing time-of-day administration protocols. For example, a researcher interested in the excretion of a lead compound could program the MES-mF to simulate ingestion at different times of day and measure excretion as a function of time. Furthermore, if the excretion pattern is disrupted by the new compound, the MES-mF could introduce different compounds and individually investigate the chemical messengers at work.
The MES-mF could greatly expand the physiological processes recreated by MPS homunculi and advance their utility and adoption into the pharmacology space. Furthermore, the challenges associated with recreating the complex physiological signals that regulate organ function present new opportunities for research. Principal among these are the technologies required for fluidic control and analytic sensing. 4, 146 The many hormones, metabolites, and nutrients that are transported throughout the body in plasma may affect the design of suitable blood surrogates for OoC systems. 4, 107 The surrogate must not only serve as the cell culture media for the different tissues of the MPS homunculus, but also as a transporter of critical regulatory messengers, including hormones, and hence the volume of media in the perfusion system could affect the concentration of metabolites generated by the target organs. 5 The role of organspecific endothelial cells and their transporter proteins at the interface between the common perfusion media and the stromal cells of each organ may mitigate the need for universal media. The presence or absence of an endothelial barrier and/or transport proteins may have to be accounted for when specifying the concentration of hormone delivered by the MES-mF.
In addition to appropriate perfusion media and hormone concentrations, each MPS homunculus will require chemical sensors capable of quantifying with adequate fidelity the temporal variation in the concentration of the intrinsic and externally controlled chemical messengers in near real time, since delays between sampling and the reporting of the concentrations could adversely affect the stability of the controlled system. 4, [146] [147] [148] [149] It may be useful to have sensors that operate on both the interstitial fluid of each end organ and the common circulating media. 84, 135, 136 The sensors will enable the study of both open-and closedloop operation of the MPS homunculus, so that their results may be compared to both whole-body function and isolated end-organ responses. Computational in silico models may be employed to further enhance our understanding of independent organ and system-level behaviors. 29, 33, 107 Computer-based simulations and tests may fine tune control of physical flow rates or better predict hormone regulation and production. Furthermore, these models may better predict critical pharmacokinetic phenomena and inform experimental design, as has been demonstrated by Yu et al. 33 in a micro-perfused liver/immune MPS. The integrated experimental/computational paradigm put forth by Yu illustrates the power of a self-regulating MES-mF model which can both test and inform new experimental designs. [150] [151] [152] Just as biological rhythms have shown increasing importance in drug pharmacology and toxicology, so too should they play an active role in OoC investigations. Without the physiological regulatory cues that are inherent to native biology, we simply have a clock with no hands. While the different physiological systems may work independently in their own harmony, it is only when we combine the systems and produce a working synchrony that we truly begin to realize the power of the interconnected whole-body Human-on-a-Chip. The MES-mF may provide the first mechanism for studying the complex physiological signals that regulate the endocrine, metabolic, and digestive systems in real-time at the functional level of the end organ. To date, this feat has yet to be fully investigated through in vitro or in vivo models. Thus, many new discoveries remain on the horizon for the interconnected and programmed Human-on-a-Chip. The most rewarding applications are those that will enable new insights beyond current in vitro biology-on-plastic. 12 These advances will ultimately enable OoC systems to fulfill their potential and unite the pharmacology, toxicology, and systems biology communities.
Our proposed development of a novel Missing Endocrine System MicroFormulator will allow researchers to replicate the time-and dose-dependent variations in circadian hormonal oscillations. We introduced the concept of the missing-organ microformulator in 2013, 4 and now apply the concept specifically to the endocrine system. The MES-mF, to be implemented in the near future by a system of computer-controlled microfluidic pumps and valves [153] [154] [155] [156] [157] that supports time-division multiplexing of multiple reagents, will certainly accelerate our exploration of the numerous physiological processes linked to LADME, which are of primary importance to pharmacology and toxicology. Our MES-mF will enable the study of time-and dose-dependent delivery of hormones and drug compounds specific to the intended MPS homunculus. It will allow OoC researchers to study ultradian rhythms that are more frequent than circadian, [158] [159] [160] [161] or slower, as with the female reproductive system. 21, 59 The MES-mF might allow researchers to examine whether the "gender" of a single homunculus could be altered by adjusting the delivery of gender-specific combinations of time-dependent steroidal sex hormones while maintaining the existing X and Y chromosome presentation of the cells used to construct the homunculus. It would be interesting to determine whether this could be used to address the sex bias in research. 162 Could this approach be used to create a transsexual homunculus?
The capabilities of the MES-mF could play an important role in allowing OoC systems to recapitulate the physiology of a particular individual. Custom-tailoring of individual pharmaceutical regimes is a hallmark of personalized medicine, and the MES-mF would enable, for example, the simulation in a personalized MPS homunculus of a patient's abnormal circadian hormonal rhythms. Just as insulin pumps are changing diabetic care, a cyclic pump for circadian hormones might prove useful in the care of some patients, but today it would be difficult to conduct the requisite experiments on humans. MPS homunculi driven by a MES-mF could enhance the adoption of personalized medicine within clinical research and thereby drive better outcomes in therapeutic development.
The circadian MES-mF might enable in vitro homuncular studies of circadian contributions to a number of physiological and pathophysiological processes, including metabolism, diabetes and obesity, 56, 159, [163] [164] [165] aging, 166 exercise, 161 sleep deprivation, 167 and psychiatric disorders. 55 The ability to simulate specific organ-organ hormonal interactions will enable an unprecedented level of understanding on the given effects a new therapeutic may have on an organspecific basis, since it will be possible to isolate and test specific interactions between organ, receptor, and a pharmacologic agent. It is our hope that the recapitulation of the oscillatory endocrine cycle and time-dose-dependent delivery of drug will advance the study of OoC systems and prepare them for even wider adoption by the greater pharmacology and toxicology community. Central to the success of current OoC systems have been the collaborative efforts of engineers, biologists, physicists, pharmacologists, physicians, and toxicologists; the MES-mF will simplify the introduction of endocrinologists to this community so that their contributions can help accelerate the future adoption of OoC systems. That said, there is every reason to apply the concept of a MES-mF to other in vitro cell culture systems, including flasks, Petri dishes, well-plates, or transwell assays -the only issue is the requirement that one must add and remove sufficient culture media and provide adequate mixing to ensure that all of the cells being cultured together are in fact exposed to the same temporal hormonal profile. This can be addressed by providing pumps, valves, and fluid distribution systems that can support the necessary flow rates.
Without a doubt, there are regulatory processes that will be hard to replicate within an MPS homunculus, most notably those associated with the autonomic nervous and immune systems. How might one incorporate a vagal nerve to regulate heart, lung, kidney, liver, and digestive tract organs-on-chips, and could one account for the hypothalamic control of the circadian rhythms that affect sympathetic and parasympathetic activity and hence adrenal medullary and pancreatic secretions? 61 Although it may be difficult to incorporate the adaptive immune system into an MPS, innate immune cells present in a variety of organs would respond to circadian immune modulators. 168 While it will be important to include endocrine function and other components in MPS homuncular models so as to increase their physiological realism, it is critical to recognize that the goal of the larger organ-on-chip exercise is to study a specific physiological process. It is a futile exercise to recreate a complete, in vitro microhuman when only a minimal set of features is required to recapitulate the particular physiological process or system under study and allow its examination without the complication of other organs that may be difficult to both understand and control. The MES-mF should prove to be a valuable addition to the constructionist closure of the hermeneutic circle, as we continue to understand both the individual "parts" identified by recent advances in reductionist biology and the function of the whole organism as revealed by more than two millennia of physiological studies. 7, 8 We conclude by predicting that the combination of analyses such as ours and devices functionally equivalent to the forthcoming MES-mF will enable OoC homunculi to play a significant role in elucidating how endogenous hormonal rhythms affect organ-organ and organ-drug-organ interactions.
Note
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